Rhinovirus (RV) infection is the major cause of common colds and of asthma exacerbations. Because the epithelial cell layer is the primary target of RV infection, we hypothesize that RV-induced airway disease is associated with the perturbation of airway epithelial gene expression. In this study, well differentiated primary human airway epithelial cells were infected with either RV16 (major group) or RV1B (minor group). Transcriptional gene profiles from RV-infected and mock-infected control cells were analyzed by Affymetrix Genechip, and changes of the gene expression were confirmed by real-time RT-PCR analysis. At 24 h after infection, 48 genes induced by both viruses were identified. Most of these genes are related to the IFN pathway, and have been documented to have antiviral functions. Indeed, a significant stimulation of IFN-␤ secretion was detected after RV16 infection. Neutralizing antibody specific to IFN-␤ and a specific inhibitor of the Janus kinase pathway both significantly blocked the induction of RV-inducible genes. Further studies demonstrated that 2-aminopurine, a specific inhibitor double-stranded RNA-dependent protein kinase, could block both IFN-␤ production and RV-induced gene expression. Thus, IFN-␤-dependent pathway is a part of the double-stranded RNA-initiated pathway that is responsible for RV-induced gene expression. Consistent with its indispensable role in the induction of antiviral genes, deactivation of this signaling pathway significantly enhanced viral production. Because increase of viral yield is associated with the severity of RV-induced airway illness, the discovery of an epithelial antiviral signaling pathway in this study will contribute to our understanding of the pathogenesis of RV-induced colds and asthma exacerbations.
RV infection causes at least half of all common colds each year (2) . In addition to causing the typical symptoms of rhinitis, sinusitis, and middle-ear dysfunction, RV infection can also cause lower respiratory complications, such as wheezing, small-airway obstruction, bronchitis, bronchiolitis, and pneumonia, especially in susceptible populations (3) . In children or adults with asthma, RV infection is commonly associated with exacerbations of the condition (4) . Using a sensitive PCR assay along with traditional viral detection techniques, Johnston and colleagues found that 80-85% of school-aged children with wheezing episodes tested positive for a virus. In most cases, the virus identified was RV (5) . This was also found to be true of asthma exacerbation in adults; approximately half are found to be associated with RV infection (6) . Moreover, it appears that the seasonal patterns of viral respiratory infection correlate closely with hospital admissions for asthma, especially in children (7) , which further indicates the severity of virus-induced asthma. Taken together, these studies indicate that viral infections, particularly RV infection, are the most common cause of asthma exacerbations and contribute to the morbidity of asthma in both children and adults.
The site of RV infection is airway epithelial cells. RV can enter other airway cell types, such as monocyte and macrophage, but does not replicate in these cells (8) , which further emphasizes the importance of epithelial cells in initiating the host response to viral infection. In addition, several recent studies have demonstrated that RV infection and viral replication can occur in the lower as well as upper airways (9) (10) (11) . Given the close association between the worsened inflammation of the lower airways and worsening of asthma, RV infection of the lower airway epithelium may be more relevant to the asthma exacerbations.
Although the relationship between RV infection and asthma exacerbation has been well established by clinical epidemiologic studies, the molecular mechanisms by which RV infection triggers the inflammatory response are poorly understood. Several recent studies have demonstrated significant elevation of cytokine gene expression (IL-1, IL-6, IL-8, GM-CSF, eotaxin, RANTES) (12) (13) (14) (15) by epithelial cells after RV infection. Thus, those inflammatory mediators may enhance airway inflammation and trigger airway disease exacerbations. In addition, early studies (16, 17) indicated a direct correlation between titer of secreted virus and occurrence, as well as severity of illness. Most recently, Wark and colleagues have demonstrated that RV-infected asthmatic airway epithelial cells produced much more virus than normal cells, which was caused by the deficiency of epithelial antiviral response in asthmatic cells (18) . Thus, a significant increase in viral production under diseased condition may also contribute to RV-induced airway disease exacerbations.
To examine the primary, direct airway epithelial response to RV infection, we performed unbiased gene profiling using Affymetrix Genechip (Affymetrix, Inc., Santa Clara, CA) in well differentiated polarized, primary human TBE cells. Using this approach, we have identified novel RV-induced epithelial genes, most of which are related to the IFN pathway and have antiviral functions. Our analysis of the underlying molecular mechanism has revealed two pathways for RV-induced epithelial gene expression: a double-stranded RNA (dsRNA)-dependent protein kinase (PKR) signaling pathway, and a PKR-induced IFN-␤ autocrine/paracrine pathway. Deactivation of these pathways significantly enhanced viral production, which further emphasizes their indispensable role in epithelial antiviral response.
MATERIALS AND METHODS

RV, Inhibitors, and Antibodies
RV16 and RV1B stocks were amplified and purified based on the previous published protocol (19) . Briefly, HeLa cell suspension was infected at room temperature for 1 h with a multiplicity of infection (MOI) of 10-15 PFU per cell. Infected cell suspensions were diluted 10-fold in prewarmed medium B and incubated at 35ЊC for 7-8 h. The cells were then pelleted and resuspended in PBS. Virus was released from cells by three cycles of freezing and thawing and then harvested as the supernatant after centrifugation to pellet cell debris. Sucrose gradient was used to purify the virus particles released from cells. Viral titers were determined by plaque assay as described previously (19) . Anti-RV16 monoclonal antibody was a gift from Dr. James E. Gern (University of Wisconsin, Madison). Chemical inhibitors (2-aminopurine [2-AP] and Janus kinase [JAK] inhibitor I) were purchased from Calbiochem (EMD Biosciences, Inc., San Diego, CA). Neutralizing antibody (anti-IFN-␤) was purchased from R&D Systems Inc. (Minneapolis, MN). To make replication-deficient RV16 (UV-RV16), stocks of RV16 were ultraviolet irradiated, as described previously (20) , with a slight modification. Briefly, 1 ml RV stock solution, containing 5 ϫ 10 8 RV16, was exposed to 200 W cm Ϫ2 ultraviolet light for 10 min on ice.
Cell Culture Condition for Primary Airway Epithelial Cells and Viral Infection
Human tracheobronchial tissues were obtained from National Disease Research Interchange, with an approved protocol. The University of California, Davis Human Subjects Review Committee approved all procedures involved in tissue procurement. We have, in the past, successfully established primary airway epithelial cultures from these tissues (21) . Normally, primary cells were plated on a Transwell (Corning Costar, Corning, NY) chamber (25 mm) at 1-2 ϫ 10 4 cells/cm 2 , in a Ham's F12:Dulbecco's modified Eagle's medium (1:1) supplemented with eight factors, including: insulin (5 g/ml), transferrin (5 g/ml), epidermal growth factor (10 ng/ml), dexamethasone (0.1 M), cholera toxin (10 ng/ml), bovine hypothalamus extract (15 g/ml), BSA (0.5 mg/ml), and all-trans-retinoic acid (30 nM) . After a week in immersed culture condition, cultured cells were shifted to an air-liquid interface culture condition. Under the biphasic culture condition, high transepithelial resistance (Ͼ 500 ⍀ · cm 2 ), cilia beating, and the formation of mucus-secreting granules were observed (22) . Normally, experiments were performed at Day 21 or 2 wk after the change of the culture condition from immersed to air-liquid interface. Medium was routinely changed once every other day. Immediately before RV inoculation, cells were grown overnight (16 h) in media with only BSA and all-trans-retinoic acid. Subsequent RV infection was also performed using media containing these two factors.
Infection was performed based on the protocol described previously (23) . Briefly, to mimic in vivo RV infection, 200 l of media containing the specific concentration (as indicated in the text) of live virus was added onto the apical side of the cells for the desired time period, as described in the text. Because the viral particles were purified and suspended in PBS, the same volume of PBS was used for the mockinfected control. Before the collection of cellular RNA and protein, the cell surface was washed three times with PBS to ensure removal of all nonattached viral particles. The lack of remaining inoculum was confirmed by PCR assay of the final wash.
A 50% tissue culture infective dose (TCID 50 ) assay (11) was used to measure extracellular viral yield. Briefly, cells were infected with RV for 24 h. Cell surface was then completely washed and replaced with fresh medium. After 24 h, viral yields in both apical and basal media were determined.
Toxicity Measurement on Viral Infection and Chemical Inhibitor Treatment
Light microscopy and lactate dehydrogenase (LDH) assay were used to monitor the potential toxicity caused by viral infection and chemical inhibitor treatment. Dead and "sloughed-off" cells were obvious in RVinfected culture after 24 h, but not in the culture treated with 2-AP or JAK inhibitor 1 only. LDH assay kit (Promega, Inc., Madison, WI) was used, based on the manufacturer's instructions, to measure cellular toxicity by determining LDH release from damaged cells. Briefly, to determine LDH activity, after removal of the medium, the cells were lysed using a lysis buffer (LDH assay kit), centrifuged at 16,000 ϫ g for 1 min, and the supernatants assayed for LDH activity. This cellassociated LDH activity was then added to the LDH activity in the removed culture medium, and the total activity was considered to represent 100% cell death. The amount of LDH present in the medium was then calculated as a percentage of the total, which determined the percent cell death in that sample (data was shown).
Transcriptional Gene Profiling by Affymetrix Genechip
The HGU133A chip that contains 22,283 probe set was used, and all protocols used in this study were based on the manufacturer's instruction (Affymetrix, Inc.). The double-extracted total RNA was submitted to the core microarray facility of the University of California, Davis, Cancer Center. At this facility, RNA samples were prepared, hybridized to these array chips, and the hybridization signals were scanned using the standard protocols suggested by Affymetrix. For quality control, the scanned images of each array were visually inspected to be free of artifacts. Scatter plots of individual arrays were also used to assess the overall quality of the array data.
Affymetrix HGU133A oligonucleotide microarray was used for the experiment. Bioconductor, a biological data analysis package based on R statistical programming language (Vienna University of Technology; http://www.r-project.org/), was used for array data analysis and integration with other gene annotations. Normalization algorithms used were robust multichip average (24) . Robust multichip average-derived expression values were used for the rest of the analysis. An expression level of over 2-fold average difference was required for a candidate gene to qualify as a differentially expressed gene of relevance to our study. Two-fold difference is an arbitrary but well accepted threshold of biologically relevant differential gene expression. The Genechip assay was repeated on two separate cultures derived from two normal individuals. Only those genes that showed significant changes in both experiments were subject to the further study.
Real-Time RT-PCR
Real-time PCR was performed as described previously (25) . cDNA was prepared from 3 g of total RNA with Moloney murine leukemia virus (MoMLV)-reverse transcriptase (Promega, Inc.) by oligo-dT primers for 90 min at 42ЊC in a 20-l reaction solution, and was then further diluted to 100 l with water for the following procedures. Two microliters of diluted cDNA was analyzed using 2ϫ SYBR Green PCR Master Mix by an ABI 5700 or ABI Prism 7900HT Sequence Detection System (Applied Biosystems Inc., Foster City, CA), following the manufacturer's protocol. Primers are listed in Table 1 , and were used at 0.2 M. The PCR reaction was performed in 96-well optical reaction plates, and each well contained a 50-l reaction mixture. The SYBR green dye was measured at 530 nm during the extension phase. The relative mRNA amount in each sample was calculated based on the ⌬⌬C t method using housekeeping gene GAPDH. The purity of amplified product was determined from a single peak of a dissociation curve. Efficiency curves were performed for each gene of interest relative to the housekeeping gene, based on the manufacturer's instructions. Realtime PCR was generally repeated six times on the primary TBE cultures derived from a minimum of two different donors. Results were calculated as fold induction over control, as described previously (25). Well differentiated primary human TBE cells cultured under air-liquid interface for 21 d were infected with RV16 or RV1B, as described in the text. At various times after the infection, both the apical cell surface and the basal side of the culture were washed three times with PBS, and the infected cultures were then subjected to RNA and protein extractions. (A ) Quantitation of viral plus stranded RNA in infected cells by real-time RT-PCR with the primers specific to RV16 and RV1B, respectively. The relative abundance was calculated by the ⌬⌬C t method, as described in MATERIALS AND METHODS. Each data point represents mean Ϯ SD from three experiments. (B ) Characterization of viral protein synthesis and maturation in infected cultures by Western blot analysis using a specific monoclonal antibody against RV16 coat protein (VP2). VP0 is a pro-protein that contains VP2. At the maturation step, viral protease will splice VP0 to generate VP2. Anti-␤-tubulin staining was used as a loading control.
Western Blot
Total cellular protein was collected based on the methods described previously (26) . Anti-phospho-signal transducer and activator of transcription (STAT) 1, anti-STAT1, anti-phospho-PKR antibodies (Cell Signaling Technology, Inc., Beverly, MA) were used in the Western blot analysis as described previously (26) . Equal protein loading was confirmed using the staining of anti-␤-tubulin antibody (Sigma-Aldrich Corp., St. Louis, MO).
ELISA Assay
Human IFN-␣, IFN-␥ Quantikine ELISA kit (R&D Systems Inc., Minneapolis, MN), and IFN-␤ ELISA kit (Biosource International, Camarillo, CA) were used to measure the secreted IFN concentrations in the media, following the manufacturer's instructions.
Statistical Analysis
Experimental groups were compared using a two-sided Student's t test, with significance level set as P Ͻ 0.05. When data were not distributed normally, significance was assessed with the Wilcoxon matched-pairs signed-ranks test, and P Ͻ 0.05 was considered to be significant. Matlab 6.0 with statistics toolbox (MathWorks, Inc., Natick, MA) was used for analyses of the data.
RESULTS
Time-Dependent RV Replication in Polarized Primary TBE Cells
The primary target of RV infection is the luminal side of the airway epithelia. To mimic in vivo RV infection on airway epithelial cells, well differentiated human primary TBE cells were apically infected with RV 16 (a representative of the major group of RV) and RV1B (a representative of the minor group of RV) at 10 7 /ml PFU, respectively. This dose is equivalent to an MOI of 10. In a previous study, we found that the peak viral titer in the nasal washings obtained after RV-induced cold in human volunteers was ‫ف‬ 10 6 viral particle/ml by multiplying the dilution factor (P. Avila and S. Yagi, personal communication). Considering the incompleteness of the washing protocol, we estimated 10 7 PFU/ml as an appropriate infection dose. Using this infection protocol, we performed time-course analyses of viral replication in primary human TBE cells. As shown in Figure 1A , there were significant increases of viral plus stranded RNA at 3 h after infection. A Ͼ 20,000-fold increase of the viral RNA was observed at 24 h after infection. The time-dependent viral production was also demonstrated by the time-dependent viral coat protein synthesis in infected cells. Because no good anti-RV1B antibody is currently available, we focused on RV16 viral coat protein (VP) production in infected cultures. Western blot analysis with anti-RV16 monoclonal antibody (11) indicated that the expression of VP0 (35.7 kD) and VP2 (28.5 kD) protein was time-dependently increased up to 24 h after infection ( Figure  1B ). Because VP2 is generated only at the viral particle maturation step by the cleavage of VP0 (1), the increase in VP2 production reflects an increase in the production of mature viral particles. Thus, both viral RNA and viral protein data demonstrated the time-dependent RV production in primary TBE cells.
Notably, even at an MOI of 10, immunofluorescent staining using anti-RV16 antibody showed that fewer than 5% of the cultured cells were infected (data not shown). The reasons for this low infectivity in primary cells remain to be identified, but may have to do with the greater level of differentiation of cells cultured under more nearly physiologic conditions (23) , and our findings are in any case quite comparable to other studies of primary epithelial cells (11) .
Transcriptional Profiling of Gene Expression in RV-Infected TBE Cells by Affymetrix Genechip
Because the primary target of the RV infection is airway epithelium, we hypothesized that RV-induced airway inflammation and asthma exacerbation are initiated by the perturbation of the gene expression profile in infected airway epithelial cells. Hence, we used the state-of-the-art genechip technology to profile the global gene expression changes induced by RV infection. Because viral replication is time-dependent (Figure 1 (Figure 2) . We have repeated the study on two independent cultures derived from two normal individuals. The differentially regulated genes were compared, and only the genes that had significant changes in both studies were subject to further examination. To our surprise, using a threshold of 2, we found no gene that was significantly upregulated by RV infection at 6 h after infection (Figure 2 ). In contrast, we found many genes were upregulated at 24 h after infection (Figure 2 ), but found no gene to be significantly downregulated. Interestingly, among 52 RV16-inducible genes and 51 RV1B-inducible genes, 48 were commonly induced by both RVs (Figure 2 ). Those three RV16-specific genes and two RV1B-specific genes were at the boundary of threshold induction (fold induction ϭ 2.00-2.11), and their functions are unclear. Thus, it appears that both the major and the minor groups of RV induce the similar group of epithelial gene expression, at least in our system. To simplify our later studies, we used RV16 as a model to examine the signaling mechanism underlying RV-induced gene expression. Table 2 lists the 48 genes that were significantly induced by both RV16 and RV1B, which includes most well established antiviral systems: (1 ) PKR pathway; (2 ) coupled 2Ј-5Ј oligoadenylate synthetase (OAS)/RNase L pathway; (3 ) Mx pathway; and (4 ) viperin. PKR is a serine/threonine kinase and a well established central regulator in antiviral defense. PKR activation leads to its autophosphorylation and to the phosphorylation of its natural substrates, including the ␣ subunit of eukaryotic protein synthesis initiation factor-2␣, which then leads to the inhibition of protein synthesis (27) . PKR can directly inhibit virus replication by inducing a set of antiviral genes, or indirectly inhibit virus replication by stimulating apoptosis of infected cells (27) . In our system, PKR was significantly elevated by RV infection (Table 2) .
Major Innate Antiviral Systems Were Significantly Elevated in RV-Infected TBE Cells
Active OAS catalyzes the synthesis of 2Ј-5Ј-linked oligoadenylates (2Ј-5ЈA). Subsequently, the dormant cytosolic RNase L monomers are activated by forming dimers after binding 2Ј-5ЈA (28) . The active RNase L endoRNase catalyzes the degradation of both viral and cellular single-stranded RNAs, thus inhibiting the translation and virus replication, and possibly also initiating apoptosis (28) . In the array, all four types of OAS (OAS1, OAS2, OAS3, and OASL) were significantly elevated (Table 2) , whereas the expression of RNase L remained intact. This finding appears to be consistent with the notion that the amount of OAS, but not that of RNase L, is the rate-limiting factor of this system. infection. An equal amount of protein (60 g/well) was loaded to each gel well, and equal loading was further assessed with anti-␤-tubulin antibody staining. Anti-phospho-STAT1 antibody was used to probe the activated STAT1 (P-STAT1A and P-STAT1B). Anti-STAT1 antibody was used to probe the STAT1 proteins (STAT1A and STAT1B). This experiment was repeated three times.
The Mx proteins belong to the family of large GTPases. Mx protein alone is sufficient to block the replication of virus. Mx proteins can either block viral nucleocapsid transport or viral RNA synthesis (29) . In our system, both subtypes of Mx protein (Mx1 and Mx2) were highly elevated (Table 2) .
Viperin has been reported to be induced by human cytomegalovirus infection (30) . The expression of viperin inhibits viral infection by inhibiting viral proteins that are required for viral assembly and maturation (30) . In our system, viperin was highly elevated ( Table 2) .
Majority of the RV-Induced Genes Are IFN-Related
Interestingly, all the antiviral genes mentioned above have previously been demonstrated as IFN-stimulated genes (ISG). Aside from these genes, 32 of the 48 RV-inducible genes (as indicated by "y" in Table 2 ) appear to link directly to the IFN pathway. Among them, ISG20, ISG15, IFRG28, IFITM1, IFIT4, IFIT2, IFIT1, IFI44, IFI35, IFI27, GBP1, and G1P3 were identified previously by a differential hybridization protocol comparing IFN-treated and untreated cultures. Two IFN-inducible chemokines (CXCL10 and CXCL11) were also found to be highly elevated in RV-infected cultures. The major function of those two chemokines is to recruit catalytic T lymphocytes, and they appear to serve as messengers to call upon the adaptive immune response to combat the invading virus. Besides these downstream effectors, the signaling molecules in the IFN pathway, such as STAT1, ISGF3G, and IRF7, were also significantly elevated at 24 h after RV infection (Table 2) .
Real-Time RT-PCR Quantification and Viral RNA Replication-Dependent Elevation of the RV-Inducible Genes
To simplify the signaling transduction studies, nine representative RV-inducible genes of different categories: CXCL10, BST2, ISG15, STAT1A, RIG1, IRF7, LAMP3, Mx1, and OAS1, were selected for further quantitative RT-PCR analysis in our later studies. CXCL10 represents the inducible chemokine, whereas ISG15 represents the classic ISGs that were identified previously by differential display (32) . OAS1 and Mx1 represent the well characterized antiviral systems. STAT1 and IRF7 represent the signaling molecules in the IFN pathway. BST2, RIG1, and LAMP3 represent the RV-inducible genes that haven't been reported in the literature as ISGs. Real-time RT-PCR approach confirmed the induction of these genes in TBE cultures after RV infection (Figure 3 ). These inductions varied from 5-(STAT1A) to 700-fold (CXCL10/IP10) among these 9 genes. These inductions appear to be dependent on viral RNA replication, as no induction of these genes ( Figure 3 ) was observed in TBE cells infected with ultraviolet-irradiated RV16.
IFN-␤ Is the Major Bioactive IFN Induced by RV16 Infection on TBE Cells
Because a large portion of those RV-inducible genes are ISGs, we determined whether the IFN molecules were induced by RV and were responsible for the induction of the ISGs in this study. To address this question, the ELISA method was used to measure the IFN production in RV-16-infected TBE cells and mockinfected cells. No IFN-␣ and IFN-␥ was identified by the ELISA assay at their detection limits (2 U/ml for IFN-␣ and 0.08 U/ml for IFN-␥), respectively. Notably, the IFN-␣ ELISA kit can detect multiple subtypes of IFN-␣. Thus, it appears that TBE cells do not produce detectable amounts of IFN-␣ and IFN-␥ under either infected or mock-infected conditions. In contrast, we were able to detect the increased secretion of IFN-␤ in TBE cells after RV16 infection ( Figure 4A ). At 24 h after infection, IFN-␤ was secreted at 93 Ϯ 27 U/ml, whereas no IFN-␤ was detected in the mock-infected culture.
We then asked whether the RV-induced IFN-␤ could elicit any intracellular signal. To elicit intracellular signal, IFN must bind the type I IFN receptor, activate JAK, and then phosphorylate STAT1. The phosphorylated STAT1 will then translocate into the nucleus to activate gene transcription (32) . Thus, we used the STAT1 phosphorylation as a marker of IFN-induced intracellular signaling. Indeed, STAT1 phosphorylation was observed in TBE cells at 24 h after RV infection ( Figure 4B) . Consistent with the elevation of STAT1 mRNA in the gene profiling data (Table 2) , both STAT1A and STAT1B proteins were also elevated in TBE cells 24 h after infection.
Altogether, RV-induced IFN-␤ is the major IFN secreted by TBE cells that is capable of inducing cellular signaling in an autocrine/paracrine manner.
Effect of IFN-␤ Autocrine/Paracrine Pathway on RV-Induced Gene Expression
As mentioned above, to elicit intracellular signal, the secreted IFN-␤ must bind the type I IFN receptor and activate JAK. Therefore, to further elaborate the role of IFN-␤ autocrine/ paracrine signaling in RV-induced gene expression, a neutralizing antibody against IFN-␤ (IFNBab) ( Figure 5 ) and a specific inhibitor blocking JAK activity ( Figure 6 ) were used in the study. Similar to Figure 3 , the real-time RT-PCR approach confirmed the induction of these nine selected genes in TBE cultures after RV infection. The treatment of IFNBab had significant inhibitory effects on all RV-induced gene expressions ( Figure 5) ; and the degree of inhibition was different, ranging from 22-75%. . Type-matched unrelated antibody (IgG) was used as a control. Total RNAs were isolated 24 h after RV infection and subjected to real-time RT-PCR analysis of these nine selected RV-induced genes. Fold induction was calculated as described in the legend for Figure 3 . Each data point represents a mean from six repeats on the primary TBE cultures derived from a minimum of two different donors. *P Ͻ 0.01; n ϭ 6.
Notably, the initial concentrations of IFNBab (20ug/ml) were selected based on the blocking curve from the data sheet of R&D Systems Inc. At this dose, we observed that IFNBab inhibited CXCL10 expression by 95%, and ISG15 expression by 90%, in TBE cells treated with IFN-␤ (100 U/ml) (data not shown).
Consistent with these antibody studies, a specific pan-JAK inhibitor (JAK inhibitor I) that can block the activation of all four JAK kinase family members (JAK1, JAK2, JAK3, and TYK2) also partially blocked the RV-induced gene expression at the 0.1 or 0.3 M level. At the highest dose (1 M), the blocking effect was more complete (Figure 6 ). To access the potential toxic effect of JAK inhibitor I, we measured LDH release under both RV-infected and uninfected cells that were also treated with the inhibitor. For uninfected cells, JAK inhibitor I caused certain cytotoxicity, as indicated by an increased LDH release (Table 3) , which was consistent with the slight decrease of basal gene expression level ( Figure 6 ). However, RV infection caused much more severe cell death, and no additive toxicity was observed in cells that were also treated with the inhibitor (Table 3) . Thus, the inhibition of RV-induced gene expression by JAK inhibitor I could not be attributed to its toxic effect.
Collectively, these results suggest that the autocrine/paracrine IFN-␤ signaling pathway plays a role in RV-induced gene expression. However, the partial effect of the IFN-␤ neutralizing antibody, even at the high dose, suggests that other pathways may be present.
Effects of dsRNA-Mediated Pathway in RV-Induced Gene Expression
To explore the additional signaling mechanism, we considered the viral component as a potential candidate. RV is a very simple plus-stranded virus with only viral genomic RNA in the virion. Previous report has suggested that dsRNA, generated from viral replication, can induce robust cellular responses (34) . Here, we found that RV replication generated an enormous amount of RNA in the infected cells ( Figure 1A ). Therefore, we tested the hypothesis that dsRNA-dependent signaling is responsible for RV-induced gene expression. First, since dsRNA was generated by viral replication, replication deficient virus (such as ultravioletirradiated RV) would not generate any dsRNA. Indeed, as shown before in Figure 3 , the infection with the ultravioletirradiated RV did not upregulate expression of any RV-inducible genes. Second, all selected RV-inducible genes were significantly induced by the direct treatment of the synthetic dsRNA analog (poly IC) (Table 4) . Third, because dsRNA has been widely reported to induce gene expression through the activation of PKR activity, we decided to examine the role of PKR in this RV-induced gene expression. By using a specific PKR inhibitor (2-AP), RV-induced gene expression was almost completely blocked ( Figure 7) . To access the potential toxic effect of 2-AP, we measured LDH release under both RV-infected and uninfected cells that were also treated with the inhibitor. For uninfected cells, 2-AP caused a certain degree of cytotoxicity, as indicated by an increased LDH release (Table 3) , which was consistent with the slight decrease of basal gene expression level (Figure 7) . However, RV infection caused much more severe cell death, and no additive toxicity was observed in cells that were also treated with the inhibitor (Table 3) . Thus, the inhibition of RV-induced gene expression by 2-AP could not be attributed to its toxic effect.
Because the literature suggests that the dsRNA-dependent PKR pathway can induce IFN secretion, we tested the potential cross-talk between the PKR pathway and the IFN-␤ autocrine/ paracrine pathway. As shown in Figure 8A , 2-AP blocked the Definition of abbreviations: 2-AP, 2-aminopurine; C, control; JAK, Janus kinase; RV, rhinovirus. secretion of IFN-␤. Consistently, 2-AP almost completely abolished the activation of PKR and STAT1 ( Figure 8B ). In contrast, IFNBab had no effect on the PKR activation, and only partially repressed STAT1 activation ( Figure 8B ), which could explain the incomplete inhibition by IFNBab of those RV-inducible genes ( Figure 5 ).
These results demonstrate that the dsRNA-dependent PKR pathway is upstream of the IFN-␤ autocrine/paracrine pathway in RV-induced gene expression.
Disruption of Antiviral Pathway-Enhanced RV Production
As shown in Figures 6 and 7 , a PKR inhibitor (2-AP) and a pan-JAK inhibitor (JAK inhibitor I) could significantly block cellular antiviral response. Thus, we tested whether the disruption of antiviral pathway could cause the increase of RV production. Indeed, both inhibitors significantly increased intracellular viral VP2 protein ( Figures 9A and 9B ) and viral production ( Figure  9C ). This finding further confirms the importance of PKR and JAK signaling pathway in cellular antiviral responses.
DISCUSSION
In this study, we performed gene expression profiling analysis in RV-infected, well differentiated primary human TBE cells in vitro. We have identified 48 cellular genes that were signifi- 
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cantly elevated by both RV16 and RV1B. The results were further confirmed by real-time RT-PCR. The genes induced by infection with either the major group (RV16) or the minor group (RV1B) of RV were quite similar. We found that primary TBE cells appeared to be resistant to RV infection. We observed very low infectivity of RV16 (Ͻ 5%) on well differentiated primary TBE cells at an MOI of 10; in contrast, cell lines such, as HBE1 or BEAS-2B, have much higher susceptibility ‫ف(‬ 100%) at a similar MOI. Consistent with this finding, a recent article reported by our colleague Lopez-Souza and coworkers (23) demonstrated that well differentiated cells have low susceptibility to RV infection in comparison with the poorly differentiated cells.
Despite the low RV infectivity in our system, we have identified 48 cellular genes that were highly elevated by RV infection. 2-AP treatment was performed as described in the legend for Figure 7 . Cell media were collected at 24 h after RV infection, along with the control. Concentrations of IFN-␤ (U/ml) were calculated based on manufacturer's instructions. Each data point represents the mean Ϯ SD from six repeats on the primary TBE cultures derived from a minimum of two different donors. Because the detection limit was 1 U/ml, 1 U/ml was arbitrarily assigned to any undetectable samples for the comparison. * infection. An equal amount of protein (60 g/well) was loaded on each gel well, and equal loading was further assessed with anti-␤-tubulin antibody staining. Antiphospho-STAT1 antibody was used to probe the activated STAT1 (P-STAT1A and P-STAT1B). Anti-phosphor-PKR antibody was used to probe the activated PKR protein. This experiment was repeated three times.
CXCL11) that facilitate the recruitment of cytolytic T cells to remove the infected cells.
Because many RV-induced genes are related in terms of IFN inducibility and antiviral function, we have asked whether a common pathway is responsible for RV-induced gene expression. Indeed, based on the studies using neutralizing antibody and specific chemical inhibitors, we found that both a dsRNA-PKR-dependent pathway and its induced IFN-␤ autocrine/ paracrine-mediated JAK-STAT pathway are involved in the RV-induced gene expression ( Figure 10 ).
Based on the blocking studies, the dsRNA-PKR pathway appears to be the major signaling pathway induced by RV infec- Figure 9 . Disruption of antiviral pathway enhanced RV production. Inhibitor treatments were performed as described in the legends for Figures 6 and 7. Cells were infected by RV for 24 h. Cell surfaces were then completely washed and replaced with fresh medium. After 24 h, viral production was determined by both Western blot analysis on cellular protein and TCID 50 assay on culture media. (A ) Western analysis of 2-AP effect on RV production. Two independent samples (labeled as 1 and 2 ) were loaded on the same gel. A total of four independent samples were examined. A specific monoclonal antibody against RV16 coat protein (VP2) was used for Western blot analysis. VP0 is a pro-protein that contains VP2. Anti-␤-tubulin staining was used as a loading control. (B ) Western analysis of the effect of JAK inhibitor I (JAK) on RV production. (C ) TCID 50 assay was used to measure extracellular viral yield. Apical viral titer listed in the table is mean Ϯ SD. Basal viral titer was undetectable. *P Ͻ 0.05; n ϭ 4.
tion. We have also found that dsRNA per se could robustly elevate similar gene expression in the absence of real viral infection. It is unclear as to how much dsRNA must be generated in the RV-infected cells to exert gene induction; likewise, it is also unclear how much synthetic dsRNA (e.g., polyIC) actually gets into the cells to initiate signaling. Another study (33) indicated that a much lower dose of dsRNA would be needed if it was transfected into, rather than directly applied onto, the cells. This supports the notion that very few copies of dsRNA are actually required to initiate PKR signaling. It is interesting to note that all the asthma-exacerbating viruses (such as RV, respiratory syncytial virus (34) , and influenza) generate dsRNA in their life cycles. Therefore, it would be fruitful to continue the study of the role of dsRNA in airway inflammatory responses and asthma exacerbations.
We have also shown that RV infection can induce IFN-␤ secretion, which appears to have a partial effect on the RVinduced gene expression. This finding is consistent with the longheld belief that the dsRNA-PKR pathway can activate IFN production in many other cell types (27) . Interestingly, one most recent study (18) has demonstrated the causal linkage between an impairment of RV-induced IFN-␤ production in asthmatic airway epithelial cells and an increase in RV production from those cell cultures. Their finding is consistent with our result regarding the IFN-␤ effect on antiviral gene expression. However, we did not observe the induction of IFN-␤ mRNA in the Genechip assays, despite the presence of the corresponding probe sets on the chips. Thus, RV might induce IFN-␤ secretion without significant elevation of its transcription. Or, the IFN-␤ probe sets on the chips were just not appropriate for this detection; and the latter emphasizes the importance of using other molecular and biochemical methods to corroborate and complement the Genechip study, as we did in this study. Although the autocrined/paracrined IFN-␤ had only a partial effect on RVinduced epithelial gene expression, it might also act on other cell types in vivo. In addition, our results have shown that several key IFN signal molecules (STAT1A, ISGF3G, and IRF7) were highly elevated, which may indicate the high alert status of the IFN system in RV-infected cells. Because many cell types (e.g., macrophages, T lymphocytes, etc.) in the airway are capable of secreting a large amount of IFN, the RV-infected epithelia may manifest a much more robust IFN response with the exogenous IFN challenge in vivo. Is it possible that the overzealous epithelial IFN response (or antiviral response) is involved in asthma exacerbation? Two recent studies from Holtzman and colleagues supported this notion. Using human asthmatic tissue samples, they have demonstrated that STAT1, a key IFN signaling molecule, is highly elevated and activated in the asthmatic airways (35) . The second study, using a Sendai-virus infection mouse model, further demonstrated that viral infection itself can cause many aspects of asthmatic symptoms (36).
Because RV-induced genes were mostly related to antiviral response, and the PKR-IFN-␤-JAK-STAT pathway was responsible for their induction, we further tested whether the disruption of this pathway could affect viral production. As expected, both PKR inhibitor (2-AP) and pan-JAK inhibitor (JAK inhibitor I), which had inhibitory effects on antiviral gene expression, significantly enhanced viral production. Interestingly, a recent study has demonstrated that, because of a deficiency of epithelial antiviral response, asthmatic airway epithelial cells could produce much more virus than normal cells upon RV infection (18) . Thus, alteration of epithelial antiviral defense in the diseased condition might contribute to the pathogenesis of airway disease exacerbations.
To our surprise, we did not find any robust elevations of the previously reported cytokine genes, such as IL-6 and IL-8 (12) (13) (14) (15) . This is not due to the lack of sensitivity of the Genechip technique, because subsequent ELISA analysis showed at most a marginal and inconsistent elevation of IL-6 and IL-8 after RV infection (data not sown). We examined the idea that expression of IL-6 and IL-8 is a function of the proportion of cells infected by varying the dose RV in the inoculum. When we increased the infecting dose to an MOI of 100, more than 70% of the cells were infected, and IL-6 and IL-8 expression was significantly induced. However, to achieve an MOI of 100, we needed to use the virus stock at 10 8 PFU/well, a level that may never occur physiologically, and that presents a daunting challenge to the researcher. Thus, even though the cytokines are significantly elevated in airway secretions from patients with communityacquired or experimentally-induced RV infections, whether they are actually produced by epithelial cells under these conditions remains to be determined.
In summary, we have reported the first gene expression profile analysis in well differentiated human airway epithelial cells after RV infection in a well controlled in vitro environment. We have demonstrated two interacting signaling pathways involved in RV-induced gene expression. Deactivation of these pathways can significantly increase epithelial viral production. This new information will significantly advance our understanding of the pathogenesis of RV infection. Full understanding of the RVinduced airway epithelial response is the first key step to uncovering the pathogenesis of the RV-induced common cold and asthma exacerbations. Because of the broad disease prevalence and the high financial burden, these studies have the potential for great impact on the human health.
